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E-mail address: kkatonmr@ims.ac.jp (K. Kato).PUB domains are identiﬁed in several proteins functioning in the ubiquitin (Ub)–proteasome system
and considered as p97-binding modules. To address the further functional roles of these domains,
we herein characterized the interactions of the PUB domain of peptide:N-glycanase (PNGase) with
Ub and Ub-like domain (UBL) of the proteasome shuttle factor HR23. NMR data indicated that
PNGase-PUB exerts an acceptor preferentially for HR23–UBL, electrostatically interacting with the
UBL surface employed for binding to other Ub/UBL motifs. Our ﬁndings imply that PNGase-PUB
serves not only as p97-binding module but also as a possible activator of HR23 in endoplasmic
reticulum-associated degradation mechanisms.
Structured summary of protein interactions:
PNGase binds to HR23A by afﬁnity chromatography technology (View interaction)
PNGase and HR23A bind by nuclear magnetic resonance (View interaction)
PNGase and HR23B bind by nuclear magnetic resonance (View interaction)
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction Accumulating evidence indicates that the proteins involved inUbiquitin (Ub)–proteasome-mediated proteolysis plays a cru-
cial role in a number of diverse processes in eukaryotic cells by
controlling the levels of intracellular regulatory proteins and by
eliminating potentially toxic malfolded proteins [1–4]. In the early
secretory pathway, glycoproteins are subjected to the quality con-
trol mechanisms depending on the Ub–proteasome pathway. In
this system, high-mannose-type N-glycans that modify proteins
serve as quality tags that are recognized by intracellular lectins
operating as molecular chaperones and cargo receptors in the
endoplasmic reticulum (ER) [5–7]. Secretory glycoproteins that
eventually fail to acquire their correct conformations are recog-
nized by ER luminal lectins, such as OS-9, and are retrotranslocated
through a multi-protein retrotranslocation channel to the cytosol,
wherein they are degraded by the Ub–proteasome pathway.chemical Societies. Published by E
egrative Bioscience, National
aiji, Okazaki, Aichi 444-8787,ER-associated degradation (ERAD) machinery form a huge mem-
brane-spanning complex [8–10]. The cytosolic components of the
ERAD machinery include the AAA ATPase complex p97 and
peptide:N-glycanase (PNGase) [11,12].
The ERAD substrates are retrotranslocated from the ER to the
cytosol by the action of p97 ATPase and undergo ubiquitination
and deglycosylation [13–15]. The deglycosylation enzyme PNGase
facilitates ERAD by cleaving the bulky N-glycans from the sub-
strates prior to their proteasomal degradation [16,17]. This enzyme
recruits the proteasome shuttle factor HR23, which consists of an
N-terminal Ub-like domain (UBL), two Ub-associated (UBA)
domains, and a xeroderma pigmentosum group C binding (XPCB)
domain [11,18,19]. In mammals, cytosolic PNGase comprises a
central catalytic domain and ﬂanking N- and C-terminal domains,
which are not conserved in yeast PNGase [20]. The N-terminal
domain of PNGase is tethered to p97, while the C-terminal domain
has lectin activity that is speciﬁc for larger high-mannose-type oli-
gosaccharides [7,21].
The N-terminal domain of PNGase is termed PUB for ‘‘PNGase/
UBA or UBX’’ because its homologous domains have been identiﬁedlsevier B.V. All rights reserved.
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domain, which also provides a p97-interacting motif [22–26]. For
example, the p97-interacting protein Ubxd-1 contains PUB and
UBX, while the HOIL-1L interacting protein (HOIP) possesses PUB
and UBA domains [26]. Because the UBA and UBX domains are
often found in proteins involved in the Ub–proteasome system,
the PUB domains are supposed to be functionally linked to the
intracellular protein degradation system [22,26]. However,
although PUB has been reported to act as a p97 regulator through
an interaction with its C-terminal segment in a phosphorylation-
dependent manner, the functional roles of PUB remain largely
unknown [27–29].
Besides p97, the PUB domain of mouse PNGase has been shown,
by yeast two-hybrid experiments, to interact with a variety of pro-
teins involved in ERAD, i.e. ERAD E3 enzyme gp78, putative mem-
ber of retrotranslocon pore Derlin-1, proteasome subunit S4, and
Ub as well as HR23 [11,20]. Although a crystallographic study re-
vealed that the XPCB domain of HR23 binds the catalytic domain
of PNGase [19], an in vitro pull-down assay indicated that PUB is
capable of interacting directly with HR23–UBL [30,31]. To gain fur-
ther insight into the functional role of PNGase–PUB in the ERAD
machinery, the interactions of PNGase–PUB with UBLs and Ub
chains were analyzed in a quantitative manner by frontal afﬁnity
chromatography (FAC) and NMR spectroscopy.Myoglobin
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Fig. 1. Elution proﬁles of HR23a–UBL, Ub, and Ub chains after application to an
immobilized PUB column. The elution proﬁles are superimposed on that of
myoglobin.2. Materials and methods
2.1. Protein expression and puriﬁcation
Human Ub, Ub E1, and E2-25K were expressed and puriﬁed, as
described previously [32]. The DNA fragment for residues 1–117
which correspond to the mouse PNGase–PUB domain (Supplemen-
tary Fig. 1) was cloned into the BamHI and XhoI sites of the
pGEX-6p1 vector (GE Life Science). The coding sequences of the
UBL domains of human HR23a and HR23b (Supplementary Fig. 1)
were inserted into the pGEX-6t1 vector using NotI and BamHI sites.
Each protein was expressed in Escherichia coli BL21(DE3) Codon-
Plus and puriﬁed with a glutathione–sepharose column (GE Life
Science) that was equilibrated with 50 mM Tris–HCl (pH 8.0) con-
taining 0.1 M NaCl. The cells were grown in M9 minimal media
containing [15N]NH4Cl (1 g l1) and/or [U-13C6]glucose to produce
isotopically labeled proteins, according to the protocol described
previously [33]. Lys48-linked Ub chains were prepared by an
in vitro enzymatic reaction using E1 and E2-25K, as described pre-
viously [32,34].
2.2. NMR measurement
All NMR samples were dissolved in 10 mM sodium phosphate
buffer (pH 7.0) containing 10% 2H2O (v/v) and 0.01% NaN3. Spectral
data were recorded at 303 K using a JEOL ECA-600 spectrometer or
Bruker DMX500 spectrometer equipped with 5-mm inverse
triple-resonance probes with three-axis gradient coils. Spectral
assignments of PNGase–PUB were made by 2D 1H–15N HSQC, 3D
CBCA(CO)NH, and 3D CBCANH experiments at 303 K. Although
the spectral assignment of HR23b–UBL was reported previously
[35], the data were collected at a different buffer condition than
that used in the present study. Therefore, we assigned the
backbone resonance of HR23b–UBL by the triple resonance exper-
iments. Chemical shift perturbations (CSPs) observed for 15N-la-
beled protein (0.3 mM) titrated with 0.3–1.5 mM concentration
of non-labeled titrant were quantiﬁed as Dd = [(DdH)2 + (DdN/
5)2]1/2, whereDdH andDdN are the observed chemical shift changes
for 1H and 15N, respectively. The dissociation constant Kd (=1/Ka)
was determined by ﬁtting the observed CSPs in the protein signalsin the course of titration to a single-binding site model (P + L¢ PL)
using the following equations [36]:
Ddobserved ¼ Ddbound  h;
h ¼ ½PL½Pt  ¼
ð½Pt  þ ½Lt þ KdÞ 
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ð½Pt  þ ½Lt þ KdÞ2  4½Pt  ½Lt 
q
2½Pt  ð1Þ
Here, Ddbound indicates the CSP value in a fully bound state (i.e.,
at saturation), and h is the fractional population of the bound state at
a given titration point, characterized by the total molar concentra-
tions of the protein ([Pt]) and ligand ([Lt]) in the sample. The data
were processedusingNMRPipe [37] and analyzedusing Sparky [38].
2.3. FAC analyses
FAC analyses were performed according to the literature [39–
41] with modiﬁcations. PNGase–PUB was coupled to a HiTrap
NHS-activated column (GE Healthcare) according to the manufac-
turer’s instructions. After immobilization, the agarose beads were
removed from the cartridge and packed into a stainless steel
column (4.0  10 mm) (GL Sciences). Protein analytes, including
HR23a–UBL, Ub, and Ub chains, were dissolved at 20 lM in
10 mM sodium phosphate buffer (pH 7.0) and applied to the
PNGase–PUB column at a ﬂow rate of 0.25 ml min1. The elution
proﬁles were monitored by UV absorption at 230 nm. The binding
afﬁnity of each protein was calculated based on the retardation
VfV0 measured at a concentration of 20 lM using Eq. (2):
½A0ðVf  V0Þ ¼ Bt 
1
KaðVf  V0Þ ð2Þ
where [A]0, V0, and Bt are the concentration of UBL or Ub (chain),
elution volume of the control protein, and total amount of immo-
bilized PUB in the column, respectively. Bt was calculated from
the Ka of HR23a–UBL, and Ub was obtained from the NMR CSP
analyses. To determine V0, myoglobin was used as a control protein
for the analyses of PNGase–PUB. The retardation of each protein
compared with that of myoglobin was computed using the differ-
ence of each elution volume, Vf.
2.4. Docking model
For 3D-structural model building, PNGase–PUB and HR23b–UBL
were docked to one another by the HADDOCK program using the
standard protocol based on the CSP data [42]. The computational
structures of the complex between PNGase–PUB and HR23b–UBL
were generated with HADDOCK2.1 [42,43] in combination with
Table 1
Association constants of PNGase–PUB for HR23–UBLs and Ub chains.
Ka, (103 M1)
HR23a–UBL HR23b–UBL Ub Di-Ub Tri-Ub Tetra-Ub
4.5a 4.8a 1.2a 1.5 1.7 2.2
a Determined from NMR titration data.
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structure of HR23 (PDB code: 1P1A) [35] and crystal structure of
PNGase–PUB complexed with the terminal peptide of p97 (PDB
code: 2HPL) [27]. In the latter structure, the atomic coordinates
of the p97 peptide were removed prior to the calculation. For the
rigid-body energy minimization, 1000 complexed structures were
generated, initially based on the identiﬁed interaction surfaces.3. Results
3.1. PNGase–PUB interacts with HR23–UBL and Ub chains
First, we performed FAC analyses to examine the relative afﬁn-
ities of the direct interactions of PNGase–PUB with Ub chains and
the UBL domain of HR23a. Lys48-linked di-, tri-, and tetra-UbG57 G83
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Fig. 2. NMR identiﬁcation of the mode of interaction between PNGase–PUB and HR23–U
(b) CSP mapping of the HR23b–UBL surface involved in binding to PNGase–PUB. In (a) and
red in gradation according to the degree of CSP. (c) 3D structural model of the ternary com
(magenta). The C-terminal segment of p97 is superimposed onto the UBL–PUB complex g
this segment [27].chains were prepared by in vitro enzymatic reactions. Fig. 1 shows
the overlaid elution proﬁles of the varying lengths of Ub chains
along with that of HR23a–UBL, which were applied to the
PUB-immobilized column. The elution retardations of UBL and
Ub chains were observed and compared with that of the control
protein myoglobin. These data indicate that PNGase–PUB binds
to longer Ub chains with higher afﬁnities and to HR23a–UBL with
the highest afﬁnity.
3.2. Binding afﬁnities of PNGase–PUB for HR23–UBLs and Ub chains
We performed NMR titration analyses between PNGase–PUB
and HR23a–UBL, HR23b–UBL, and Ub to determine the association
constant (Ka) values of their interactions in a quantitative manner.
As exempliﬁed by the progressive chemical shift change of the
1H–15N HSQC peaks of PUB titrated with UBL or Ub (Supplemen-
tary Fig. 2), each interaction underwent a ﬁrst-exchange regime.
Hence, according to Eq. (1), we calculated the values of Ka as
4.5  103 M1 for HR23a–UBL, 4.8  103 M1 for HR23b–UBL, and
1.2  103 M1 for Ub. With the Ka values of UBL and monomeric
Ub thus determined from NMR titration data, the Ka values of each
length of Ub chain were calculated on the basis of the relative afﬁn-
ities estimated from the elution volume VfV0 in the FAC analyses
according to Eq. (2) (Table 1). The results demonstrated thatN58
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Fig. 4. A proposed mechanistic model for active complex formation between
PNGase and HR23 in the ERAD machinery through the PUB–UBL interaction.
1144 Y. Kamiya et al. / FEBS Letters 586 (2012) 1141–1146PNGase–PUB exhibits moderately increased afﬁnities for longer Ub
chains. The association constants for HR23–UBLs were about
twofold higher than that for tetra-Ub.
3.3. Interaction mode of PNGase–PUB with HR23–UBL
We also mapped the CSPs of each protein to gain insight into
the binding mode of PUB and the UBL domain of HR23 (Fig. 2a
and b). Supplementary Fig. 2 displays the CSP data of PNGase–
PUB in the presence and absence of unlabeled HR23b–UBL. These
data indicate that the PUB domain binds HR23b–UBL through its
surface consisting of the a3 and a4 helices and b1–a3, a3–a4,
and a4–b2 loops. The binding of Ub and HR23a–UBL also caused
chemical shift changes in the almost identical set of the backbone
amide resonance of PUB, although the magnitude of CSPs was
lower in Ub binding (Supplementary Fig. 2).
The CSPs observed in HR23b–UBL upon binding to the PUB
domain were also mapped on its 3D structure (Fig. 2b and
Supplementary Fig. 3). In either case, the amino acid residues
showing a CSP were localized on the hydrophobic surface widely
conserved among Ub/UBLs, which is spatially close to the C-termi-
nal segment and surrounded by basic amino acid residues.
Based on the CSP data, a 3D docking model was made for the
complex formed between PNGase–PUB and HR23b–UBL using
the HADDOCK program (Fig. 2c). The family of ﬁnal structures
had the lowest intermolecular energy (499.78 kcal mol1) and
the highest buried surface area (1853 Å2). The average pairwise
root-mean-square deviation in the best 10 structures of this cluster
was 2.38 ± 1.50 Å. The binding surface of UBL is abundant in basic
amino acid residues, whereas the binding surface of PUB is nega-
tively charged, suggesting that electrostatic interactions contributeto their afﬁnities (Fig. 3a). Indeed, the FAC analysis demonstrated
that the UBL–PUB interaction was severely impaired in a high ionic
strength condition (Fig. 3b).
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To elucidate the functional roles of PUB from a structural view-
point, we herein focused on the interaction between the UBL do-
main of HR23 and the PUB domain of PNGase; PNGase is one of
the most extensively studied PUB-possessing proteins. We demon-
strated that PNGase–PUB directly binds to the Ub domain primarily
through its negatively charged surface, which electrostatically
interacts with the basic amino acid residues surrounding the well-
conserved hydrophobic patch of the UBL domain. This binding sur-
face on HR23–UBL is also involved in interactions with various Ub/
UBL-bindingmotifs, such as the Ub-interacting motif (UIM) and the
coupling of Ub to ERAD (CUE) domain, as well as the UBA domain.
The amino acid residues of the binding interface of mouse PNG-
ase–PUB identiﬁed in the present study are highly conserved across
mammalian species, suggesting a common ability of the PNGases to
interact with Ub/UBLs through their PUB domain in competition
with other Ub/UBL-binding motifs in the Ub–proteasome system.
Those amino acids are well conserved in HOIP-PUB but not in
Ubxd-1-PUB, suggesting some variations of their binding partners.
Our ﬁndings strongly imply that the PUB domain of PNGase
contributes to the interaction with HR23, although the interaction
between these two proteins have so far been assumed to be med-
iated between the catalytic domain of PNGase and XPCB domain of
HR23 [19,45]. The crystal structure revealed that the C-terminal
segment of p97 is accommodated in the positively charged groove
on the surface of PNGase–PUB formed by a2–a4 and b1 [27]. The
3D model indicated no overlap between the UBL-binding interface
and p97-binding site on the PUB domain, suggesting the formation
of the ternary complex of PUB with p97 and simultaneously with
HR23–UBL (Fig. 2c).
The PUB-binding surface of HR23–UBL is also employed for
interacting with a variety of Ub/UBL-binding motifs, including the
UIM of the proteasome S5a subunit and the UBA domain belonging
to the same HR23 molecule [46]. This raises the intriguing possibil-
ity that PNGase–PUB and HR23–UBA compete to interact with
HR23–UBL in the complex. It has been reported that the range for
Ka values of the UBA–UBL interaction is 0.4–0.6  103 M1 [35],
which is ten times smaller (Table 1) than that of the PUB–UBL inter-
action, suggesting that HR23–UBL is mainly involved in the inter-
molecular interaction with PNGase–PUB in the complex.
HR23–UBA serves as an acceptor for Lys48-linked Ub chains
with varying afﬁnities depending on their chain lengths. Namely,
both HR23–UBA and PNGase–PUB preferentially bind longer Ub
chains. Ka values for monomeric Ub were 1.2  103 M1 for PUB
(Table 1) and 3.3  103 M1 for the UBA domain [35]. The binding
afﬁnity of the UBA domain for tetra-Ub was more than ten-fold
higher than that for monomeric Ub [35,47], while the afﬁnity
enhancement for PUB was only twofold. Thus, the dependency of
the afﬁnity on Ub chain length was more prominent in HR23–
UBA than in PNGase–PUB.
On the basis of all these data, we propose the following working
model for the functional interplay between PNGase and HR23
(Fig. 4). In the resting state, the proteasome shuttle factor HR23
exhibits a closed, inactive form in which its UBL and UBA domains
intramolecularly interact with each other. Upon recruitment of
HR23 to the ERAD system, the UBL domain switches to interact with
PNGase–PUB, rendering the UBA domain in an open, active state for
accepting an elongated Ub chain attached to the glycoprotein as an
ERAD substrate, while the C-terminal lectin domain of PNGase cap-
tures the N-glycan for chopping by the catalytic domain.
The present data thus offer a structural basis of the ERAD
function of PUB as a previously uncharacterized Ub/UBL-binding
motif. Our ﬁndings imply that PNGase–PUB acts not only as a
p97-binding module but also as a possible activator of HR23 inthe ERAD complex, exemplifying the versatile functions of PUB in
the Ub–proteasome system.
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